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Highly-charged droplets, as formed by an electrospray process, are known to undergo
asymmetric fission to form smaller droplets. We have observed a chemical and physical
separation phenomenon that occurs in the droplet break-up process and is related to a
compound’s surface activity in solution. Two experimental approaches demonstrated that the
smaller satellite droplets and the progeny droplets generated by the spray formation and
asymmetric fission processes to be surfactant-enriched. These smaller droplets were also
effectively separated from the larger primary and residual droplets because of their smaller
inertia and high surface charge density, and a region attributed to the initially formed smaller
satellite droplets was found to be strikingly confined in a narrow periphery region of the
electrospray. The phenomenon may have utility for chemical separations and have significant
implications for the sensitivity and selectivity of electrospray ionization-mass spectrometry.
(J Am Soc Mass Spectrom 2001, 12, 343–347) © 2001 American Society for Mass Spectrometry
Electrostatic spraying, a liquid atomization processrelying solely on the electric force in its forma-tion, can generate highly monodisperse droplets
over a wide size range [1, 2]. In its simplest configura-
tion consisting of a liquid flowing metal capillary
charged to the sufficiently high electric potential and a
grounded counter electrode positioned a short distance
away, a stable electrospray is often observed to form a
conical meniscus at the exit of the capillary. From the
apex of this liquid cone, a fine liquid ligament is ejected
which subsequently breaks into highly charged drop-
lets by the surface wave instability [3]. A bimodal size
distribution consisting of larger primary droplets and
smaller satellite droplets have been observed previ-
ously in the droplet breakup process for electrosprays
operated at sufficiently large flow rates. In those cases,
both primary and satellite droplets were large enough
for direct visualization using optical imaging methods
[3]. The formation of satellite droplets was explained
theoretically by Yuen [4] as due to the higher order
surface wave instability in the droplet breakup process.
The satellite droplets are quickly separated from the
primary droplets in the electrospray due to their
smaller inertia and higher charge density by the mutual
repulsion between the primary and satellite droplets
and the divergent electric field between capillary and
counter plane electrode. A two-zone structure of elec-
trospray plume has been previously observed for stable
electrosprays operating at somewhat higher than con-
ventional ESI-MS liquid flow rates, consisting of a core
of the larger monodisperse primary droplets and a
shroud, confined in a narrow periphery region, of the
smaller satellite droplets [3]. However, the universality
of this electrospray morphology still remains to be
confirmed for electrosprays operating at small liquid
flow rate (less than 5 ml/min) in which satellite droplets
are generally too small to be observed visually.
As droplets in the electrospray move down stream,
evaporation of neutral solvent continuously increases
the surface charge density of the droplet. Eventually,
the droplet charge approaches the Rayleigh limit (60%–
90%) at which the droplet becomes unstable. The sub-
sequent coulombic fission generates progeny droplets
having significantly smaller sizes [5, 6]. The droplet
fission process has been shown to have a similar cone-
jet morphology as the initial electrospray droplet for-
mation process [2]. The progeny droplets resulting from
this highly asymmetric fission process are most often
ejected from the parent droplet in the sidewise direction
toward the periphery of the electrospray plume (i.e.,
orthogonal to the applied electric field) [2]. Conse-
quently, we expect that the progeny droplets will also
tend to be separated from their parent droplets and
move towards the periphery of the electrospray plume,
as discussed above.
Both the initial droplet formation and subsequent
fission processes also involve a substantial deformation
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of the liquid surface. For a multi-component solution
containing species preferentially located at the droplet
surface, it is expected that the large deformation of the
liquid surface during ligament breakup and droplet
fission will result in the enrichment of surface-active
species in the satellite and the progeny droplets. In fact,
an experimental investigation performed by Borowiec,
et al. [7] has indicated that ion redistribution/com-
pound enrichment occurs in most liquid pneumatic
nebulization processes whenever a large liquid surface
deformation is involved. Several mass spectrometric
studies have shown that analytes having higher surface
activities produce higher intensity signals [8–14]. This
increased response was considered to be directly re-
lated to the high desolvation efficiency of the surface-
active compound. Calculations using different models
have been attempted to correlate mass spectrometry
response to the ion solution concentration, solvation
energy, surface activity, and the ion gradient inside
charged droplet [9, 10, 13]. In particular, Hiraoka [14]
reported a systematic investigation on the ion intensi-
ties at different axial and radial locations of the electro-
spray. His results indicated that ions with high desorp-
tion efficiency would have significantly higher
abundances in the periphery of the electrospray. This
phenomena was attributed to the higher mobility of the
ions compared to the much more massive charged
droplets in the electrospray. However, the role of drop-
let asymmetric fission which is the important immedi-
ate steps towards the ion desorption was completely
neglected.
We report here an experimental investigation of the
structure of electrospray that confirms the bimodal
droplet size distribution in the spray breakup process
for stable electrosprays in the flow rate range often used
for mass spectrometry (1 ml/min). The physical separa-
tion between the primary droplets and satellite droplets
results in a two-zone structure for stable electrosprays.
For solutions containing surface-active chemical com-
ponents, both the satellite droplets (from spray breakup
process) and the progeny droplets (from asymmetric
fission) were shown to be surfactant enriched, which
implies that a chemical separation is associated in these
processes. The combined physical and chemical phe-
nomenon results in a spatial partitioning of electrospray
in which surface-active compounds were significantly
enriched in the periphery region of the stable electro-
spray. The phenomenon has significant implications for
the sensitivity and selectivity of electrospray ionization-
mass spectrometry (ESI-MS) and may also have utility
for chemical separations.
Experimental
Two separate experiments were used to evaluate the
possible physical/chemical separations during droplet
formation and asymmetric fission processes in electro-
spray. The first experiment was performed using a
solution of the hydrophilic methyl Green dye and a
brown surfactant, Fluorad Carbon (25 ng/ml methyl
green 1 0.4% Fluorad by volume). To maximize the
effect of the surfactant, deionized water was used as the
solvent for all the electrospray investigation. Both com-
pounds are completely soluble in the water at the
specified concentrations. The experimental arrange-
ment, shown in Fig. 1, consists of a stainless steel
electrospray capillary (100 mm i.d. and 230 mm o.d.),
charged to a high electric potential (;5 kV) by connect-
ing to a high voltage DC power supply, and a counter
metal electrode positioned about 20 mm away from the
metal capillary. The sample solution for electrospray
was delivered into the metal capillary by a syringe
pump (Harvard Apparatus Model 55–2222). To enhance
the droplet evaporation and suppress the onset of
corona discharge, a gentle flow of heated CO2 (;60 °C)
was applied coaxially with the metal capillary through
Figure 1. Experimental arrangement used for the investigation of chemical separations in the droplet
formation and asymmetric fission processes.
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a large stainless tube (5.08 mm i.d. and 6.35 mm o.d.).
The suppression of the corona discharge has been
previously shown necessary for establishing a stable
electrospray of aqueous solutions [15–18]. The applied
CO2 flow, at about 1 l/min, was sufficiently gentle so
that a stable cone-jet electrospray was maintained
throughout the experiment. The grounded metal plate
was also served as a sample collector. Stable electro-
sprays at constant flow rate were generated using the
mixture of two colored components, which was essen-
tially green due to the considerably light color of the
surfactant, and collected on the grounded electrode for
an extended period of time (;2 hours). To ensure the
stability of the electrospray during the sample collec-
tion period, a stereo zoom microscope was used to
monitor the electrospray operation.
The physical/chemical separation phenomenon in
the electrospray was further examined using direct
mass spectrometric analysis at different spray radial
positions using a triple quadrupole mass spectrometer
(Finnigan TSQ 7000). The electrospray source was
mounted on a translation stage allowing fine adjust-
ment of the spray radial position relative to the sam-
pling orifice of the mass spectrometer. Similar tech-
nique was also used by Zhou et al [19] to profile the pH
value of the charged droplets in the electrospray by
using laser-induced fluorescence spectroscopy. To min-
imize the gas flow effects near the mass spectrometer’s
sampling orifice, a metal disk having a 2 mm aperture
(at a potential of 200 V to 300 V) was installed 2 mm in
front of the sampling orifice. The electrospray emitter
was positioned about 20 mm away from the metal disk.
A sheath gas of heated CO2, as described above, was
also applied around the spray emitter. Mass spectra
were subsequently collected at different radial positions
for a solution containing 2 mg/ml cytochrome c (Horse
heart) 1 0.58 ng/ml sodium dodecyl sulfate (SDS), an
ionic surfactant, in deionized water.
The hydrophilic dye methyl green (C27H35N3BrCl z
ZnCl2, MW 653.2) and fluorad carbon, a nonionic liquid
surfactant (FC-171, C8F17SO2N(C2H4O)7CH3, MW
820.5), were used for the spray visualization experi-
ments and were purchased from Sigma (St. Louis, MO)
and 3-M (St. Paul, MN) respectively. The cytochrome c
(MW 12384) and SDS (MW 288.4), used for the mass
spectrometric studies, were purchased from Sigma (St.
Louis, MO). All the compounds were used without
further purification.
It should be also noted that because the electrospray
was operated in a heated CO2 environment and at a low
infusion flow rate, resulting in approximately 1 mm
primary droplets [17], the spray desolvation was largely
complete before the droplets impact the grounded
collection plate (i.e., no spray wetting was observed on
the collector). Mass transport on the grounded plate [20]
should play very minor role for the color pattern
observed for Figure 2.
Results and Discussion
Figure 2 shows an electrospray deposition pattern col-
lected on the grounded metal plate for approximately 2
hours using the experimental setup described in Figure
1. The electrospray was operated at an infusion rate of
1 ml/min using the solution of methyl green dye and
fluorad surfactant. The electrospray deposition, as indi-
cated by Fig. 2a, showed a striking two-zone structure
with the actual size of the deposition spot being approx-
imately 20 mm in diameter. By the color separation, Fig.
2b and 2c showed that the center region of the electro-
spray was predominantly green colored and both the
outer portion of the center spray region and, most
strikingly, the outer ring to be mostly brown colored.
We attribute the inner green region to the larger drop-
lets, and the increasing brown color for larger radii as
arising due to progeny droplets from asymmetric fis-
sion of the parent droplets. This inner distribution is
smeared by the fact that droplet asymmetric fission can
likely occur at any distance from the emitter. The
sharply defined outer ring is attributed to the smaller
satellite droplets during the electrospray formation pro-
cess. Although the bimodal size distribution of electro-
spray formation process was only observed for the
significantly larger liquid flow rates [3], the well-de-
fined two zone structure also confirmed that the mech-
anism of electrospray formation remained unchanged
in the current investigation even though the satellite
droplets were too small to be observed by optical
imaging. The fact that both the edge of the center spray
region and the outer ring display predominantly a
brown color indicates that both the satellite droplets
and the progeny droplets are surfactant enriched.
Figures 3a and 3b show the detailed 91 charge state
region for mass spectra obtained at the center of the
electrospray and 4 mm laterally displaced from the
spray center (corresponding to near the edge of the
electrospray plume). The electrospray of sample mix-
ture of cytochrome c and SDS was operated at 1
ml/min. The heated capillary temperature of the TSQ
7000 was set at 200 °C for all the experimental measure-
ments, which was sufficient for essentially complete
desolvation of electrospray in any position under 1
ml/min infusion rate. The relative abundance of surfac-
tant adduct peaks for spectra obtained 4 mm off center
(Fig. 3b) were consistently and significantly enriched
compared to those obtained at the spray center (Fig. 3a).
Indeed, summation of all the SDS adduct peaks indi-
cates that the difference is approximately an order of
magnitude. Thus, the results are qualitatively consistent
with the deposition pattern results shown in Fig. 2, as
well as the proposed separation mechanism.
This combined physical/chemical separation phe-
nomenon observed in electrosprays may have signifi-
cant implications for the practice of electrospray ioniza-
tion-mass spectrometry. The ESI-MS analysis of
biomolecules in surfactant containing solution is gener-
ally known to be problematic, and the surfactant signal
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can render many biomolecules undetectable. It is also
observed that the mass analysis of such compound
mixture is very sensitive to the electrospray position
relative to the mass spectrometric sampling orifice. A
common practice in the use of ESI-MS for sample
analysis is to sample electrospray at “off-axis” locations
where higher signal to noise ratios obtained (and typi-
cally where the introduction to the mass spectrometer
of the larger droplets of conventional electrosprays, and
their residue after solvent evaporation, are largely
avoided to reduce noise). The separation phenomenon
indicates that the optimum location to sample the
electrospray will depend on the nature of the liquid
solution, and any desired bias (e.g., against surfactant
species). For solutions containing surfactants, the spray
center may be a more favorable sampling location, but
this would be expected to require different desolva-
tion/heating conditions for optimum sensitivity due to
the larger droplet size.
Conclusions
A combined chemical and physical separation phenom-
ena was experimentally verified to occur in the pro-
cesses of electrospray formation and droplet asymmet-
ric fission. This separation phenomenon is closely
related to a compound’s surface activity in the solution.
The satellite droplets generated from the electrospray
and the progeny droplets from asymmetric fission were
quickly separated from the primary and residue drop-
Figure 2. Electrospray deposition collected on the grounded metal plate using the experimental
arrangement shown in Figure 1: (A) the complete deposition pattern, (B) the methyl green dye
deposition pattern, and (C) the brown Fluorad Carbon surfactant deposition pattern (Color filters
were used to enhance the visualization of the pattern in black and white photos (B) and (C).
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lets in each of these processes and pushed to the
periphery of the electrospray because of their smaller
inertia and higher charge density. The separation of
primary droplets and satellite droplets in the electro-
spray formation process resulted in a distinctive two-
zone structure for electrosprays. The smaller satellite
and progeny droplets were both shown to be enriched
in the surface active compound, an observation attrib-
uted to the significant distortion of the liquid surface in
the droplet break up and asymmetric fission processes.
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